Paper mills generate large amounts of solid waste consisting of fi brous cellulose, clay, and lime. Paper mill sludge (PMS) can improve reclamation of surface-coal mines where low pH and organic-carbon levels in the spoil cover material can inhibit revegetation. When applied at high rates, however, PMS may adversely impact the quality of surface runoff . Th erefore, we applied PMS at 0, 224, and 672 dry Mg ha −1 to 22.1 × 4.6-m plots at a recently mined site and monitored runoff for a total of 13 mo. Th e zero-rate plots served as controls and received standard reclamation consisting of mulching with hay and fertilization at planting. Compared to the control plots, PMS reduced runoff fourfold to sixfold and decreased erosion from 47 Mg ha −1 to <1 Mg ha
Paper mills generate large amounts of solid waste consisting of fi brous cellulose, clay, and lime. Paper mill sludge (PMS) can improve reclamation of surface-coal mines where low pH and organic-carbon levels in the spoil cover material can inhibit revegetation. When applied at high rates, however, PMS may adversely impact the quality of surface runoff . Th erefore, we applied PMS at 0, 224, and 672 dry Mg ha −1 to 22.1 × 4.6-m plots at a recently mined site and monitored runoff for a total of 13 mo. Th e zero-rate plots served as controls and received standard reclamation consisting of mulching with hay and fertilization at planting. Compared to the control plots, PMS reduced runoff fourfold to sixfold and decreased erosion from 47 Mg ha −1 to <1 Mg ha −1
. Most of the reduction occurred in the 2.5 mo before the plots were planted. Flow-weighted average dissolved oxygen concentrations in runoff from plots at the 224 and 672 Mg ha −1 rates, however, were much lower (≤0.4 vs. 8.2 mg L −1 ) and chemical oxygen demand (COD) was much higher for the 672 Mg ha −1 rate plots than the control plots during the pre-plant period (7229 vs. 880 mg L −1 ). Th ere were few noteworthy diff erences in water quality among treatments post-planting, but plant dry-matter yields were greater for the PMS plots than for the controls. Th e 672 Mg ha −1 rate did not increase COD or nutrient loads compared to the 224 Mg ha −1 rate and may have more persistent benefi cial eff ects by increasing soil organic carbon levels and pH to a greater extent.
Impact of Using Paper Mill Sludge for Surface-Mine Reclamation on Runoff Water Quality and Plant Growth
Martin J. Shipitalo* and James V. Bonta USDA-ARS P aper mills generate large amounts of solid waste composed of a mixture of fi brous cellulose, clay, calcium carbonate, talc, trace metals, and various xenobiotic organics (Haering et al., 2000) . Th e composition of the material varies with the manufacturing methods and waste-treatment practices used at individual mills. Th is waste can be disposed of by incineration or in landfi lls (Li and Daniels, 1997; Zibilske et al., 2000; Butt et al., 2005) . Th ese options, however, can be expensive and do not eff ectively utilize the organic carbon, nutrients, and lime these materials contain and are discouraged by regulation in some areas (Bellamy et al., 1995) . Alternatively, PMS can be used benefi cially by applying it to land as a soil conditioner and source of nutrients (Price and Voroney, 2007) . A number of studies have demonstrated that PMS can enhance the growth of horticultural and grain crops when applied at agronomic rates (Bellamy et al., 1995; Zibilske et al., 2000; N'Dayegamiye, 2006) .
Paper mill sludge can also be used at high application rates as an aid in the reclamation of active and abandoned surfacecoal mines, where low pH and the lack of organic carbon and nutrients in the material used to cover the spoil can inhibit reestablishment of vegetation and soil biota (Watson and Hoitink, 1985; Pichtel et al., 1994; Kost et al., 1997) . For example, Li and Daniels (1997) noted that PMS application to coal mine spoil at rates as high as 224 Mg ha −1 improved biomass yields and leachate quality by raising pH and reducing metal content compared to leachate from unamended plots. Bellaloui et al. (1999) have demonstrated that PMS reacts with mining residues to raise pH, reduce oxidation, and decrease metal solubility.
Application of PMS can also increase water-holding capacity of mined soils (Watson and Hoitink, 1985; Li and Daniels, 1997) , which may result in reduced runoff and erosion. Although they did not measure runoff , Li and Daniels (1997) noted that runoff occurred during the winter and after heavy storms in the summer on untreated plots but not from PMS-amended plots. Similarly, Watson and Hoitink (1985) noted that PMS reduced erosion when used for surface-mine reclamation, but they did not quantify the eff ect. Chow et al. (2003) , however, noted a 71% reduction in soil loss when they incorporated 160 Mg ha −1 PMS into an agricultural soil used for potato production and subjected small plots to simulated rainfall.
In Ohio, the state EPA regulates PMS application to surface mines using site-specifi c Sludge Management Plans. Typically these plans allow for application at 224 Mg ha −1 , but rates as high 672 Mg ha −1 can be used with approval of the Ohio EPA and the Ohio Department of Natural Resources-Division of Mineral Resources Management. Th e 672 Mg ha −1 rate is commonly approved for steep slopes or when PMS is used as a soil replacement on abandoned mine lands (J. Greuey, personal communication, 2007 ; and internal document SMP #06-062-IW Ohio EPA, Columbus, OH). Anecdotal reports from reclamation professionals suggest that better erosion control and enhanced vegetation establishment can be achieved when PMS is applied at 672 Mg ha −1 than when it is used at the 224 Mg ha −1 rate. Th e Ohio EPA is concerned, however, that the higher rate may result in unacceptable off site impacts on water quality. In particular, rapid decomposition of the sludge on freshly amended sites can result in surface runoff with high COD levels. Th ese elevated COD levels can lower concentrations of dissolved oxygen (DO) in the receiving water bodies to levels below those necessary to support aquatic life.
Science-based information on the benefi ts and adverse impacts of various rates of sludge application is needed for environmental regulators to make informed decisions on application rates and other sludge-management practices. Th erefore, our objective was to evaluate the eff ect of land application of PMS on the quality and quantity of surface runoff , soil quality, and vegetative growth when used as a surface-mine reclamation aid and applied at the current typical and highest permissible rates.
Materials and Methods

Study and Plot Design
Surface mining for coal production occurs year round and PMS is generated on a daily basis. Long-term (>30 d) stockpiling of PMS at the mines is allowed only with authorization of the Ohio EPA and only when weather or site conditions do not permit PMS application (J. Greuey, personal communication, 2007) . Th us, PMS is commonly spread, and reclamation occurs, on a daily basis throughout the year. Consequently, most PMS is applied during the non-growing season. In addition, because PMS will not support plant growth when freshly applied, it is normally allowed to age for several months before being incorporated by disking and the area seeded. Our monitoring equipment was not designed to operate under freezing conditions; therefore, we spread PMS in late We recognized that season of application, as well as year-to-year variation in weather, would aff ect the results. Th us, we sought to begin evaluating PMS usage when the potential for runoff was high -while also recognizing that PMS application at this time of the year is a normal and accepted practice. We also followed the tillage, mulching, fertilization, and planting procedures typically used to reclaim surface-mined areas with and without PMS, within the constraints imposed by a plot study. Th us, we compared a PMS-based system to standard reclamation practices.
Nine runoff -plots were established on a hill slope near Adamsville, OH, on property owned by the Ohio Department of Natural Resources-Division of Wildlife. Th e coal had been recently removed by surface mining and the spoil regraded and covered with ~30 cm of soil material the preceding fall. Slope ranged from 18.5 to 22.7%, and the plots were partitioned into three blocks to account for this variability before being randomly assigned one of three treatments: (i) standard reclamation procedures (control plots); (ii) 224 Mg ha −1 PMS; and (iii) 672 Mg ha −1 PMS. Th e plots were 22.1-m long (i.e., 72.6 ft, the same length as those used to develop the Universal Soil Loss Equation) and 4.6-m wide. Th e upper and side boundaries of the plots were earthen berms and the lower boundary was a wooden cutoff wall (Fig. 1) . Th e berms were constructed before stockpiling the PMS on the plots.
Paper mill sludge was obtained from a mill in Chillicothe, OH, now owned by the P.H. Glatfelter Company. Th is facility uses secondary treatment in which N and P are added to the waste stream to stimulate microbial growth after primary sludge is produced by sedimentation (Watson and Hoitink, 1985) . Th is mill produces ~136 dry Mg d -1 PMS, which consists of a mixture of primary and secondary sludge and is marketed under the trademark BYPRO. Unlike primary PMS that requires supplemental nutrients to attain acceptable levels of revegetation (Feagley et al., 1994) , BYPRO can be used for surface-mine reclamation without additional fertilizer.
Th e required amount of PMS was trucked to the site, and a front-end loader was used to pile the PMS on the plots. Nominal application rates were achieved by placing one bucket load on the 224 Mg ha −1 rate plots for every three loads on 672 Mg ha −1 plots, with the loads delivered in rotation to the plots to minimize variability. A composite sample of the PMS was taken at this time for laboratory analysis. Afterward, the piles were covered with tarps for ~1 mo until the cutoff walls were constructed and the sampling equipment installed. Th is procedure was followed because the loader had to be driven up and down the slope for safety reasons.
Gutters were installed on the downhill side of the cutoff walls with the fl ow directed onto 46-cm diameter Coshocton Wheels (Brakensiek et al., 1979 ) that were confi gured to collect 1.5% of the fl ow. Th e fl ow-proportional samples collected by the wheels were directed into 64-L containers. After the sampling equipment was installed, the PMS was spread using a bulldozer ( Fig. 1) , which is the standard method for distributing PMS on surface mines in Ohio.
Runoff Sampling and Plot Management
Th e sample containers were checked after every rainfall deemed potentially suffi cient to cause runoff . A weighing-type rain gage was installed onsite to record precipitation amounts and intensities. If runoff occurred, pH and DO were measured in agitated samples using a LDO HQ20 Portable Dissolved Oxygen/pH Meter (Hach Co., Loveland, CO). Sample volume was then measured and an aliquot retained for laboratory analysis. Total runoff volumes from the plots were calculated based on the 1.5% of the fl ow sampled by the Coshocton Wheels.
Th e PMS was incorporated into plots on 24 May 2006 using a 1.5-m wide tractor-mounted rotavator with a 20-cm working depth. Normally, heavy disks are used to incorporate PMS (Watson and Hoitink, 1985) , but this type of equipment could not be used on the plots without destroying the berms. Several passes were required to incorporate the PMS, and less mixing of the soil cover material with the PMS was visible on the high-rate plots than on the lower-rate plots. Th e soil cover material on the control plots was also tilled at this time.
Th e PMS plots were broadcast seeded at a rate of 45 kg ha −1 on 13 June 2006 using a mixture of seven grasses specifi cally formulated for use with PMS (MRC Bio/Pro Mix, Research Seeds Inc., Fort Dodge, IA). On the same day, the control plots were fertilized with 50 kg ha −1 N, 56 kg ha −1 P, and 85 kg ha
K by broadcasting a mixture of diammonium phosphate [(NH 4 ) 2 HPO 4 ] and potassium chloride (KCl) on the plots and incorporating with a walk-behind rototiller. Th e control plots were then broadcast seeded at a rate of 45 kg ha −1 with a mixture of nine grasses normally used for mine reclamation (MRC #1 Mixture, Research Seeds Inc., Fort Dodge, IA) plus an additional 36 kg ha −1 of oat (Avena sativa L.) seed. Th e control plots were then mechanically mulched with mixed-species grass hay at a rate of ~ 6.7 Mg ha −1 using a large bale grinder. Th e planting rates, seed mixtures used, types and rate of fertilization, and mulching rate were all selected to duplicate the standard practices approved for reclamation with and without PMS. To further ensure that the procedures were comparable to those normally used, all planting, fertilization, and mulching operations were performed by Mining and Reclamation Inc. (Dresden, OH), a fi rm experienced with mine reclamation with and without PMS, using their standard equipment and materials.
Plant and Soil Sampling
Plant dry-matter yields were assessed by clipping all the vegetation within three 0.25 m 2 quadrats on each plot on 7 Sept. 2006 and 12 Sept. 2007. To minimize plot edge and berm eff ects, the quadrats were positioned in the center of the plots, ~ 3, 11, and 18 m upslope from the cutoff walls in 2006 and ~ 5, 12, and 20 m upslope in 2007. In 2006, the grasses were separated from the oats on the control plots before being dried for 24 h at 60°C and being weighed. Shortly after the vegetation was sampled, a 30-cm deep, 3.2-cm diameter soil core was extracted from the same three locations and partitioned into 0 to 10, 10 to 20, and 20 to 30-cm depth increments.
Analytical Procedures
Th e PMS sample was analyzed for solids content (dried at 70°C), total N (Dumas method), total C (combustion with CO 2 detection), inorganic C (acidifi cation before combustion), nitrate-nitrogen (NO 3 -N; ion chromatography), ammonium-nitrogen (NH 4 -N; micro-Kjeldahl distillation), and major elements (P, K, Ca, Mg, S, Al, B, Cu, Fe, Mn, Mo, Na, Zn; microwave-assisted nitric acid digestion followed by inductively coupled plasma spectrometry analysis). All analyses were performed by Th e Ohio State University-Service and Testing Laboratory (STAR Lab) using their standard procedures for compost and biosolid analysis as detailed and referenced at http://oardc.osu.edu/starlab/references.asp (verifi ed 17 Mar. 2008). Similarly, the soil samples were air-dried, crushed, and sieved to 2 mm and analyzed by the STAR Lab for pH, Bray P-1 extractable P, ammonium-acetate extractable K, Ca, Mg, and cation exchange capacity using their standard procedures for soil analysis. Additionally, we determined the elemental C content of the soil samples by dry combustion using an automated analyzer (2400 Series II CHNS/O Analyzer, PerkinElmer, Waltham, MA).
Th e sediment content of the runoff was determined by passing the sample through a 1.6-μm pore size fi lter and weighing the residue after drying at 105°C. Dissolved organic carbon (DOC) was determined by automated persulfate oxidation (1020A TOC analyzer, OI Analytical, College Station, TX) and ion chromatography (ICS-1500, Dionex Corp., Sunnyvale, CA) was used to measure NO 3 -N, NH 4 -N, K, and PO 4 -P in the fi ltered runoff samples. Chemical oxygen demand of unfi ltered runoff samples was determined by aciddichromate digestion using an Orion COD 125 Th ermoreactor, pre-measured test kits, and an AQUAfast II colorimeter (Th ermo Electron, Waltham, MA).
Data Analysis
Th e eff ects of the three PMS application levels (0, 224, 672 Mg ha −1 ) were statistically compared using analysis of variance and a randomized complete block design model with three replications and P ≤ 0.05 as the minimum level for signifi cance. Treatment means were compared using LSD. Additionally, because there were distinct phases in plot management and sampling, the results were compared as: Pre-Plant (1 Apr. to 13 June 2006), the period in which the control plots were bare but PMS was spread on all other plots; Post-Plant (14 June to 1 Dec. 2006), the period during which all plots were seeded and the control plots were mulched and fertilized; and 2007 (1 Apr. to 1 Sep. 2007), the period when sampling was resumed after the winter shut-down. Flow-weighted mean concentrations for each plot for each time period were calculated using the concentrations measured in each event and the runoff volumes computed from the Coshocton Wheel catch.
Results and Discussion
PMS Characteristics, Runoff , and Erosion
At delivery, the PMS had a solids content of 0.29 kg kg , B: 18.2, and Mo: 1.2), which is typical of sludges from a variety of sources (Bellamy et al., 1995) . Despite the initially high water content, the PMS was able to retain large amounts of additional water that greatly reduced runoff from the PMSamended plots (Fig. 2, Table 1 ).
In the Pre-Plant period, PMS application at both rates signifi cantly reduced the number of runoff events and amount of runoff compared to the control plots (Table 1) . Th e fi rst runoff from the control plots occurred on 13 Apr. 2006, but was delayed until 15 Apr. on the 224 Mg ha −1 plots and 18 May on the 672 Mg ha −1 plots, indicating that PMS was able to retain rainfall and prevent runoff and that this eff ect was greater at the higher application rate (Fig. 2) . In the Post-Plant period, the PMS continued to be eff ective in reducing runoff amounts compared to the control, although the number of runoff events was not signifi cantly reduced. Th e 2007 sampling period was characterized by few storms suffi cient to cause major runoff from any of the plots and no signifi cant diff erences were found in the number of events and runoff amounts among treatments, although the control plots tended to have runoff more frequently and yield greater fl ows (Table 1) .
Th e reduced runoff attributable to PMS in the PrePlant period dramatically reduced sediment loss from 45,719 kg ha −1 for the control plots to <300 kg ha −1 for the PMS-treated plots (Table 1) . Th ere was also a 30-fold or greater reduction in sediment concentrations from the PMStreated plots compared to the control plots (Table 2 , Fig.  2 ). Once the control plots were mulched in the Post-Plant period, however, the sediment concentrations were similar to those of the PMS-amended plots ( Table 2 ). Because of the higher amount of runoff , however, sediment losses were still signifi cantly greater for the control plots than for the 672 Mg ha −1 plots, suggesting some added erosion-control benefi t of the high rate of PMS addition beyond that observed at the 224 Mg ha −1 rate. Similarly, sediment losses were signifi cantly greater in the 2007 period from the control plots than from 672 Mg ha −1 plots, but losses from all treatments during this period were inconsequential (i.e., ≤3 kg ha
).
Chemical Properties of the Runoff
Th e runoff collected from the PMS-amended plots was visibly discolored by DOC, most evidently in the Pre-Plant period and for the 672 Mg ha −1 plots. Transport of organic material contributed to a fl ow-weighted mean COD in runoff from the 672 Mg ha −1 plots (7729 mg L −1
) that was more than fi ve times higher than observed at the 224 Mg ha −1 rate (1392 mg L −1 ) and in the control plots (880 mg L −1
) in the Pre-Plant period (Fig. 3, Table 2 ). Nevertheless, COD loads were not signifi cantly diff erent among treatments due to the reduction in runoff attributable to PMS usage (Table 1) . During this period, the mean COD of the runoff from plots 6.7 7.5a † All is the mean of the Pre-Plant, Post-Plant, and 2007 sampling periods. ‡ Means for each constituent within time periods followed by diff erent letters are signifi cantly diff erent at P ≤ 0.05 by LSD. NS = not signifi cant. § One of the 672 Mg ha −1 rate plots (Plot #8) produced no runoff in the Pre-Plant period; therefore, the arithmetic means of the fl ow-weighted concentrations for this time period were calculated using data for two plots.
treated at the 672 Mg ha −1 rate was comparable to that of raw wastewater from paper mills, where concentrations can be a high as 11,000 mg L −1 (Th ompson et al., 2001 ). In the Post-Plant period the mean fl ow-weighted COD concentration for the 672 Mg ha −1 plots dropped nearly an order of magnitude compared to Pre-Plant levels, but it was still significantly higher than in the other plots (Table 2) . Th is rapid drop in COD was probably attributable to incorporation of the PMS by tillage as well as decomposition or leaching of the more soluble organic constituents in the PMS during the Pre-Plant period. In the 2007 period, mean COD for runoff from all plots ( Table  2 ) was similar to that observed for paper mill effl uent subject to tertiary treatment (Th ompson et al., 2001) . Th e trends for DOC concentration closely followed those of COD for all plot treatments (Table 2) , and linear regression indicated that these two parameters were highly correlated (r 2 = 0.60, P < 0.0001); consequently, DOC trends are not graphically depicted.
In the Pre-Plant period, very low DO concentrations accompanied the high COD concentrations (Fig. 3) with a fl ow-weighted DO concentration of only 0.1 mg L −1 noted in the 672 Mg ha −1 plots (Table 2) . A DO concentration of 5 mg L −1 is generally considered the minimum acceptable level for aquatic life in freshwater environments (USEPA, 1986) . Th e DO concentrations were acceptable in the runoff from the control plots in the Pre-Plant period, but dropped to levels similar to those noted in the PMS-amended plots in the fi rst part of the Post-Plant period (Fig. 3) . We attributed this drop in DO to leaching of organic carbon from the freshly applied hay mulch on the control plots. Th is material also contributed to a COD load from the control plots in the Post-Plant period that was signifi cantly greater than that for the PMS-amended plots (Table 1) . Trends in COD and DO concentrations were very similar for all plot treatments in the later part of the Post-Plant period and in 2007 (Fig. 3) .
Losses of PO 4 -P, NO 3 -N, and NH 4 -N were relatively small for all plot treatments and individually totaled <7 kg ha −1 for the duration of the experiment (Table 1) . Most of the N in PMS is in organic forms (N'Dayegamiye, 2006), thus the low losses in runoff were not unexpected. Concentrations of the nutrients (trends not shown) did not exhibit well-defi ned patterns. Th ere were spikes, however, in PO 4 -P, NH 4 -N, and K concentrations in the fi rst few runoff events from the control plots in Post-Plant period that were most likely a result of losses from the freshly applied (NH 4 ) 2 HPO 4 and KCl fertilizer. In the case of K, this contributed to signifi cantly greater losses of this nutrient from the control plots than from the PMS-amended plots (Table 1) .
Th e pH of the runoff from the PMS-amended plots was above seven and signifi cantly higher than that from the control plots in the Pre-Plant and Post-Plant periods, indicating the potential of the PMS to neutralize soil acidity (Table 2 ). In the 2007 sampling period, the PMS no longer had a signifi cant eff ect on pH of the runoff . (PMS) application rates. Mean concentrations were calculated using only data for those plots that produced runoff for a particular event; thus means are for one to three plots.
Plant Growth
Germination was evident within 2 wk of planting on all plots, but plant growth was noticeably better on the PMSamended plots than on the control plots throughout the growing season. When vegetation dry-matter yields were measured in September 2006, bare spots were visible in all quadrats in the control plots where the remnants of the hay mulch could be observed. Conversely, ground cover appeared complete on the PMS-amended plots. Nevertheless, no signifi cant diff erences were found in dry-matter yield among plots (Table 3) . Almost 70% of the dry-matter yield from the control plots, however, was attributable to the oats, which provided little ground cover and were not planted on the PMS-amended plots. When the oats were excluded from the analysis, plant dry-matter yields were 162 to 191% higher on the PMS-amended plots (1821 and 2024 kg ha ). Th is suggested that, despite not being fertilized, grass growth was substantially improved on the PMS-amended plots compared to the fertilized control plots. Th is can be attributed to increased soil pH and organic C levels (Haering et al., 2000) .
When plant growth was assessed in 2007, ground cover appeared complete on all plots, and dry-matter yields were substantially higher after a second season of growth. Even so, dry-matter yields were signifi cantly higher by 58 to 79% on the PMS-treated plots (8055 and 9129 kg ha ) than on the control plots (5111 kg ha −1 ), indicating a residual benefi t of PMS at both rates nearly a year-and-a-half after it was applied (Table 3) . Similarly, Watson and Hoitink (1985) noted that when they applied PMS (obtained from the same source we used) to formerly surface-mined land at rates of ≥168 Mg ha −1 , vigorous plant growth was still evident 5 yr after application. In a 10-yr study, Pichtel et al. (1994) noted that PMS was roughly equivalent to limed topsoil in terms of plant growth when used to reclaim abandoned mined lands.
Soil Properties
Predictably, analysis of the soil cores obtained in September 2006 indicated that PMS application greatly increased total carbon levels in the soil in the upper 20 cm, with the eff ect being more pronounced at the 672 Mg ha −1 rate than at the 224 Mg ha −1 rate (Table 4) . Th is increase in soil total C levels probably also contributed to the similar increases in cation exchange capacity and soil Ca levels observed at these depths.
Although soil total C levels were not signifi cantly aff ected below the 20-cm depth of incorporation, soil pH was signifi cantly increased at the 20 to 30 cm depth when PMS was applied at the 672 Mg ha −1 rate, suggesting a liming eff ect below the depth of incorporation (Table 4) . We attribute this to leaching of acidneutralizing components from the PMS. Our measurements indicated that pH levels averaged for all sampling periods were elevated in runoff from PMS-amended plots compared to the control plots (Table 2) . Likewise, Li and Daniels (1997) noted 0  2253 NS ‡  695b  5111b  224  2024  2024a  8055a  672 1821 1821a 9129a † Means in 2006 were recalculated to exclude the weight of oats, which were not planted on plots that received PMS. ‡ Means within sampling dates followed by diff erent letters are signifi cantly diff erent at P ≤ 0.05 by LSD. NS = not signifi cant. --------mg kg −1 --------cmol c kg pH was higher in leachate from plots amended with PMS than in unamended plots. In the 0 to 10-cm depth increment, soil pH increased approximately two units at both PMS rates.
When the soil was sampled a year later, pH at the 20 to 30-cm depth was signifi cantly higher in the plots amended at the 672 Mg ha −1 rate compared to the plots amended at the 224 Mg ha −1 rate, which, in turn, had a signifi cantly higher pH than the control plots at this depth (Table 4) . Soil Ca levels were also signifi cantly elevated at this depth in the 672 Mg ha −1 rate plots compared to the control plots in 2007. Th ese observations suggested that decomposition of the PMS and downward leaching in the intervening year had further improved soil chemical properties below the depth of PMS incorporation, with the eff ects more pronounced at the 672 Mg ha −1 rate of application. Th ere were few noteworthy diff erences in levels of soil P, K, and Mg among plots in either sampling year (Table 4 ).
Summary and Implications
Th e application of PMS at both rates greatly reduced runoff and erosion from the plots, particularly during the 2.5-mo Pre-Plant period when the control plots were bare. More than 98% of the total soil loss of 47 Mg ha −1 from the control plots occurred during this period. Nevertheless, even after the control plots were mulched, fertilized, and seeded using standard reclamation procedures, there was a statistically signifi cant reduction in runoff at both PMS application rates in the PostPlant period, and the 672 Mg ha −1 rate signifi cantly reduced soil loss compared to the control. Moreover, the high rate of PMS application increased soil carbon levels, soil pH, and Ca levels to a greater extent than did the 224 Mg ha −1 rate. Th ese improvements in soil quality may contribute to more persistent increases in plant growth and continued reduction in runoff and erosion compared to the 224 Mg ha −1 rate and reclamation without the use of PMS. For example, Zibilske et al. (2000) noted signifi cant improvements in soil aggregation and water-holding capacity 5 yr after initial PMS application to agricultural soils only when cumulative application reached 225 Mg ha −1 of sludge-derived C. Foley and Cooperband (2002) , however, noted improvements in soil C levels and water-holding capacity at much lower PMS application rates when used on a sandy soil with initially low total C levels.
On the negative side, runoff from the PMS-amended plots contained signifi cant amounts of DOC, particularly during the Pre-Plant period, which resulted in high COD concentrations and low concentrations of DO in the runoff . Because of the reduced runoff volume, however, this did not result in increased COD loads in the runoff from the PMS-amended plots compared to the control plots. Additionally, once the control plots were mulched and planted, DO concentrations dropped to levels similar to those observed for the PMSamended plots, probably due to organic C leaching from the hay. As the mulch and PMS continued to weather, DO concentrations in the runoff increased and were similar for PMS-amended and standard-practices plots for the remainder of the experiment. None of the reclamation practices resulted in levels of nutrient loss that are likely to be problematic.
In Ohio, PMS can currently be used for surface-mine reclamation only in areas where sediment basins have been installed to collect runoff . Th e large reduction in runoff and erosion we observed suggests that the size of these basins can be reduced when PMS is used, thereby reducing reclamation costs. Moreover, use of PMS may eliminate or minimize the need for diversions on long, steep slopes, further decreasing reclamation costs. Diversions have been shown to concentrate runoff and aggravate sediment and chemical concentrations and loads (Bonta, 2000; Bonta and Dick, 2003) . With PMS usage, the primary environmental concern is likely to be loss of DOC in runoff rather than sediment. Th us, it may be prudent to investigate whether cost-eff ective detention systems can be designed to include features that reduce COD and increase DO concentrations before the water is released.
Finally, although our results suggest that when compared to a 224 Mg ha −1 rate, a PMS application rate of 672 Mg ha −1 did not result in major additional negative eff ects on runoff water quality and may have additional positive benefi ts, only one weather year and one type of PMS was investigated. Additionally, the season of application will have a major eff ect on the relative benefi ts of using PMS compared to standard reclamation procedures. Our results suggest that the greatest benefi ts are likely to be achieved when PMS is applied during the non-growing season when sites reclaimed by standard methods are likely to be bare for long periods of time and eroding at high rates.
